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vestigated	 changes	 in	 abundance	 and	 survival	 rates	 of	 fin	 whales	 (Balaenoptera 
physalus)	in	the	northern	Gulf	of	St.	Lawrence	in	the	context	of	anthropogenic	pres-
sures	 and	 changing	 environmental	 conditions.	 A	 long-term	 data	 set,	 consisting	 of	
35	years	of	photo-identification	surveys	and	comprising	more	than	5,000	identifica-
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that	 occur	 at	 low	 population	 densities	 and/or	 occupy	 restricted	
geographical	 ranges	 face	 an	 enhanced	 extinction	 risk	 and	 are	
especially	 in	 need	 of	 focussed	 monitoring	 (Purvis,	 Gittleman,	
Cowlishaw,	 &	 Mace,	 2000).	 In	 this	 context,	 abundance	 and	 sur-




reproductive	 and	 survival	 rates	 can	 provide	 insights	 into	 causes	
of	 observed	 changes	 in	 population	 abundance	 (Pace	et	 al.,	 2017;	
Pendleton	et	al.,	2006;	Ramp,	Delarue,	Bérubé,	Hammond,	&	Sears,	
2014).	 In	 marine	 vertebrates,	 robust	 estimation	 of	 reproductive	
(birth)	rates	is	available	for	several	seabird,	sea	turtle	and	pinniped	
species,	 facilitated	by	 the	confinement	 to	 terrestrial	 birthing	and	
breeding	colonies	 (Cury	et	al.,	2011;	Pomeroy,	Fedak,	Rothery,	&	
Anderson,	1999;	Troëng	&	Rankin,	2005).	In	cetaceans,	robust	es-




Well-established	 analytical	 frameworks	 are	 available	 to	 gen-
erate	 robust	 estimates	 of	 abundance	 and	 survival	 from	 suitable	
data	 to	 inform	decision-making	 (Hammond,	2017;	Thomas	et	al.,	
2010).	However,	the	statistical	power	to	detect	population	trends	
depends,	 among	 other	 factors,	 on	 the	 life	 history	 of	 the	 spe-
cies	 under	 investigation	 (Taylor	&	Gerrodette,	 1993;	 Thompson,	
Wilson,	Grellier,	&	Hammond,	2000).	In	particular,	population	as-
sessments	 in	 long-lived	 and	wide-ranging	 species	pose	 logistical	
challenges	 relating	 to	 monitoring	 regimes	 and	 spatial	 coverage	
(Taylor,	 Martinez,	 Gerrodette,	 Barlow,	 &	 Hrovat,	 2007;	 Tyne	 et	
al.,	 2016).	 First,	 long-term	monitoring	 programmes	 increase	 the	
power	to	detect	trends	in	long-lived	species.	For	instance,	Wilson,	













The	 fin	whale	 (Balaenoptera physalus)	 is	 a	 long-lived	 and	wide-
ranging	 baleen	 whale	 requiring	 large-scale,	 long-term	 monitoring	
programmes	 to	 identify	 population	 trends.	 Several	 national	 and	
multinational	large-scale	surveys	(e.g.,	NASS	(Lockyer	&	Pike,	2009),	















A	 study	 of	 fin	 whales	 in	 the	 northern	 part	 of	 the	 Gulf	 of	 St.	
Lawrence	 (GSL)	 during	 2004	 to	 2010	 that	 applied	 mark–recap-
ture	models	to	photo-identification	data	estimated	the	population	




crease	 during	 2007	 to	 2010.	A	 combination	 of	 lower	 site	 fidelity	
and	 elevated	 mortality	 rates	 were	 discussed	 as	 potential	 causes	
of	 declining	 survivorship.	Mark–recapture	 models	 assume	 homo-
geneity	 in	 capture	probabilities	 at	 a	 given	 sampling	occasion,	 un-
less	 individual	variation	 is	explicitly	modeled	 (Lebreton,	Burnham,	
Clobert,	&	Anderson,	1992).	This	assumption	is	frequently	violated	
in	 practice	 in	 studies	 of	 cetaceans	 because	 capture	 probabilities	
can	vary	among	individuals	as	a	function	of	 intrinsic	factors	asso-





typically	 leading	 to	an	underestimation	of	abundance	 (Hammond,	
1990a).	It	is	unclear	to	what	extent	previous	estimates	of	fin	whale	
survival	 probabilities	 and	 abundance	were	 biased	 due	 to	 capture	
heterogeneity.
The	 level	of	connectivity	between	 fin	whales	 in	 the	GSL	and	
neighboring	areas	is	unresolved.	Whaling	reports	(Sergeant,	1977),	
contaminant	 levels	 (Hobbs,	 Muir,	 &	 Mitchell,	 2001),	 and	 song	
structure	 (Delarue,	 Todd,	 Parijs,	 &	 Iorio,	 2009)	 suggest	 that	 the	
GSL	individuals	form	a	distinct	population.	However,	photo-iden-
tification	and	genetic	studies	do	not	fully	support	this	hypothesis,	
instead	 pointing	 to	 exchange	with	 surrounding	 areas	 (Bérubé	 et	
al.,	1998;	Coakes	et	al.,	2005).	While	population	identity	remains	
unresolved,	several	studies	suggested	that	the	GSL	has	been	un-
dergoing	 a	 substantial	 change	 with	 wide-ranging	 effects	 on	 its	
fauna	(Friesinger	&	Bernatchez,	2010;	Plourde	et	al.,	2014).	A	shift	
in	 the	arrival	date	of	 fin	and	humpback	 (Megaptera novaeangliae)	
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whales	to	their	feeding	ground	in	the	GSL	has	been	related	to	ear-
lier	 winter	 sea	 ice	 break-up	 linked	 to	 a	 warming	 climate	 (Ramp,	
Delarue,	Palsbøll,	Sears,	&	Hammond,	2015).	Significant	changes	
in	 the	 ichthyoplankton	 community	 structure	 (Bui,	 Ouellet,	
Castonguay,	 &	 Brêthes,	 2010),	 unprecedented	 warming	 of	 the	
incoming	 intermediate	North	 Atlantic	water	 (Thibodeau,	 Vernal,	
Hillaire-Marcel,	&	Mucci,	2010),	and	higher	mortality	in	harp	seals	
(Pagophilus groenlandicus)	 linked	 to	 reduced	 ice	 cover	 (Johnston,	
Bowers,	Friedlaender,	&	Lavigne,	2012)	are	also	indicative	of	eco-
system	changes.





















here	 focussed	 on	 reducing	 the	 effect	 of	 possible	 sources	 of	 bias	
resulting	from	capture	heterogeneity	and	temporary	emigration	to	
provide	robust	results.	The	proposed	method	used	to	categorize	in-
dividuals	 based	on	 site	 fidelity	 indices	has	 the	potential	 for	 broad	
applicability	to	other	individual-based	studies.
2  | MATERIAL AND METHODS
2.1 | Study area and field data collection
The	 study	 area	 of	 approximately	 8,000	 km2	 was	 situated	 in	 the	
Jacques	 Cartier	 Passage	 (JCP),	 located	 between	 Anticosti	 Island	
and	the	North	Shore	in	the	northern	part	of	the	GSL	(Figure	1).	The	
area	is	characterized	by	upwelling	and	high	productivity,	forming	a	








for	 photo-identification	by	 spending	more	 time	 in	 areas	with	high	
numbers	of	individuals.	Realized	survey	effort	depended	on	weather	
conditions	and	was	discontinued	when	sea	conditions	were	worse	





collected	 from	 free-ranging	 individuals	 (Palsbøll,	 Larsen,	 &	 Sigurd	
Hansen,	 1991)	 for	molecular	 determination	 of	 sex	 from	 the	 DNA	
extracted	from	skin	samples	using	the	ZFX/ZFY	chromosomes	fol-
lowing	 the	methodology	described	 in	Bérubé	and	Palsbøll	 (1996a,	
1996b).





























researchers	matched	 individuals	 to	 individuals	already	seen	during	
the	same	season	to	check	 for	 internal	duplicates,	before	matching	
the	individuals	seen	in	a	season	to	the	whole	catalogue	of	previously	




from	mark–recapture	 analyses	because	observations	of	 calves	 are	
conditional	on	the	presence	of	their	mother.











fied	multiple	 times	 in	a	 single	 season	scored	higher	 than	 individu-





the	hclust	 function	 in	R	 (version	3.4.3,	R	Core	Team,	2015).	AHC	
analysis	 was	 chosen	 over	 alternative	 clustering	 and	 ordination	





relative	 to	 the	 median	 and	 the	 median	 absolute	 deviation	 using	
the	scale	function	in	R,	in	order	to	enable	comparisons	of	the	two	
indices.	 The	 AHC	 analysis	 requires	 specification	 of	 an	 agglom-
erative	 clustering	 algorithm	 and	 measure	 of	 dissimilarity.	 Here,	
Ward's	method	was	applied	as	the	clustering	algorithm	because	of	

























     |  5SCHLEIMER Et aL.
the	study	area	at	some	point	from	2010	to	2016.	CJS	and	POPAN	
models	were	fitted	using	the	R	package	RMark	(version	2.2.2,	Laake	
&	Rexstad,	2008).	Each	 field	 season	was	considered	a	 single	 sam-
pling	occasion,	resulting	in	a	total	of	35	capture–recapture	occasions	
from	1982	to	2016.
Goodness-of-fit	 (GOF)	 tests	 implemented	 in	 the	 software	 U-
CARE	(version	2.3.2,	Choquet,	Lebreton,	Gimenez,	&	Pradel,	2005)	





sighting,	 thus	 having	 zero	 probability	 of	 survival	 after	 their	 initial	
capture	 (Pradel	et	al.,	1997).	Over-dispersion	 in	 the	data	was	esti-
mated	as	the	ratio,	ĉ,	of	the	overall	Pearson	χ2	statistic	to	its	number	
of	degrees	of	freedom.




to	 2015.	 To	 account	 for	 potential	 bias	 introduced	 by	 limiting	 the	
dataset	 to	biopsied	 individuals,	 individuals	were	assumed	 to	enter	
the	population	during	the	year	they	were	biopsied	and	all	previous	





different	 combinations	 of	 effects	 on	 survival	 and	 recapture	 prob-




justified	by	 the	 lack	of	 fit	 in	 the	Test2.CT	component	of	 the	GOF	












small	 sample	 size	 (AICC,	Anderson,	Burnham,	&	White,	1994).	The	
model	with	three	knots	was	retained.	Additive	(+)	and	interaction	(:)	
effects	were	also	considered	in	the	form	of	pt + m	and	Φs:T.










the	 increased	 uncertainty	 about	 the	 fate	 (death	 or	 temporarily	
unavailable	 for	capture)	of	 individuals	at	 the	end	of	 the	 time	se-
ries	 can	 make	 the	 interpretation	 of	 temporal	 trends	 in	 survival	
probabilities	 difficult	 (Peñaloza,	 Kendall,	 &	 Langtimm,	 2014).	 As	
suggested	by	Langtimm	(2009),	we	truncated	the	original	capture	
histories	 and	 reanalyzed	 the	 data	 over	 shorter	 time	 periods	 in	











Because	 there	was	 little	 support	 for	 sex-specific	 survival	 rates	
(see	below),	sighting	histories	from	all	noncalf	individuals	(sexed	and	








was	 used	 as	 an	 approximation	 for	 GOF	 testing,	 because	U-CARE	
does	 not	 support	 GOF	 tests	 of	 POPAN	models.	While	 there	was	
no	 evidence	 for	 an	 effect	 of	 trap-dependence	 (U-CARE	Test2.CT;	
χ2	=	4.87,	df	=	4,	p	=	0.301),	 the	GOF	 tests	 indicated	 the	 presence	
of	 transients	 in	 the	 dataset	 (U-CARE	 Test3.SR;	 χ2	=	23.80,	 df	=	5,	





(one	 for	each	year)	 covariates	were	created	with	1	 for	an	animal's	
first	sighting	and	0	for	all	other	occasions.	After	accounting	for	tran-
sience,	 the	over-dispersion	 factor	was	estimated	 to	be	 ĉ	=	1.4	and	
the	model	selection	criterion	(QAICC)	and	estimated	standard	errors	
were	 adjusted	 accordingly.	 Additive	 (+)	 and	 interaction	 (:)	 effects	
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Model	selection	of	candidate	CJS	and	POPAN	models	was	based	
on	AICC	 and	Quasi-likelihood	AICC	 (QAICC,	Burnham	&	Anderson,	







in	2004	 (Figure	3).	After	a	pronounced	 increase	 in	new	 identifica-
tions	during	2004	to	2008,	the	rate	of	new	identifications	decreased	
after	 2008.	 Sex	 was	 determined	 for	 196	 individuals,	 of	 which	 74	
were	females	and	122	males.	Since	2004,	a	total	of	78	calves	was	
reported,	but	 the	number	decreased	sharply	after	2008	 to	almost	






individuals	 were	 characterized	 by	 high	 yearly	 and	 survey	 sighting	




sional	 visitors.	 This	 group	 included	 transient	 individuals	 that	were	
only	seen	once,	as	well	as	individuals	with	a	sparse	re-sighting	his-












Gaspé	 (GASP),	 and	 Sept-Iles	 et	 Pointe-des-Monts	 (SIPM),	 24.5%	
(n	=	129)	of	 the	 individuals	were	 identified	 in	at	 least	 two	areas	 in	
the	GSL.	Fifty-one	individuals	were	recorded	in	multiple	areas	in	the	
same	year.
3.3 | Estimated apparent survival rates during 1990 
to 2015
Model	 support	 (weight)	 was	 limited	 to	 four	 candidate	 models	
(Table	2:	models	1–4),	all	of	which	accounted	for	time	and	trap-de-
pendence	in	the	recapture	probabilities;	models	without	the	interac-
tion	 term	of	pt + m	 (models	5–12)	had	no	 support.	The	 two	models	












from	 2004	 and	 onwards,	 coinciding	 with	 the	 transition	 to	 digital	
photography.
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Truncation	 of	 the	 data	 set	 to	 shorter	 time	 periods	 strongly	
suggested	a	terminal	bias	due	to	nonrandom	temporary	emigra-


























out	 the	 transient	 effect	 (models	 10–12),	 highlighting	 the	 impor-
tance	of	this	additional	parameter.	The	probabilities	of	apparent	
survival	 and	 recruitment	 steadily	 decreased	 over	 time,	 with	 re-
cruitment	almost	reaching	zero	probability	by	the	end	of	the	time	
series	 (Figure	 8).	 Recapture	 probabilities	 reached	 a	minimum	of	
0.3	 in	2014	and	 increased	 to	~0.6	during	 the	 last	2	years	of	 the	




data	 resulted	 in	 a	model-averaged	 super-population	 size	 of	 335	
(95%	 CI	 321–348)	 from	 2004	 to	 2010	 (Supporting	 Information	
Table	A3).







































ESTU:	 St.	 Lawrence	 Estuary;	 GASP:	 Gaspé;	 JCP:	 Mingan	 Islands	 and	
Jacques	Cartier	Passage;	SIPM:	Sept-Iles	to	Pointe-des-Monts.




for	wide-ranging,	mobile	 species.	 This	 study	 stems	 from	 a	 photo-
identification	database	for	fin	whales	in	the	JCP	spanning	35	years.	




(b)	 a	 significant	 decline	 in	 the	 super-population	 size	 from	 an	 esti-
mated	335	(95%	CI	321–348)	animals	in	2004	to	2010	to	291	(95%	
CI	 270–312)	 animals	 in	 2010	 to	2016,	 and	 (c)	 a	 sharp	drop	 in	 the	
number	of	reported	calves	since	2008	with	almost	none	since	2013.	
Before	 discussing	 possible	 explanations	 and	 implications	 of	 these	
findings,	we	first	assess	to	what	extent	individual	heterogeneity	in	






the	 same	 survival	 probability	 from	 one	 sampling	 occasion	 to	 the	
next	(Hammond,	1990a;	Lebreton	et	al.,	1992).	These	assumptions	








Model npar AICC ΔAICC weight Residual deviance
1. Φ(T)p(t + m) 30 2,015.80 0.00 0.46 1,953.04
2. Φ(·)p(t + m) 27 2,017.22 1.43 0.23 1,960.99
3. Φ(s:T)p(t + m) 29 2,017.23 1.43 0.23 1,956.65
4. Φ(s)p(t + m) 28 2,019.15 3.36 0.09 1,960.76
5.	Φ(T)p(t) 29 2,049.99 34.20 0.00 1,409.62
6.	Φ(s:T)p(t) 28 2,052.48 36.68 0.00 1,414.28
7.	Φ(·)p(t) 26 2,058.85 43.05 0.00 1,424.98
8. Φ(s)p(t) 27 2,060.62 44.82 0.00 1,424.59
9. Φ(·)p(m) 3 2,136.46 120.66 0.00 2,130.43
10. Φ(s)p(m) 4 2,138.43 122.63 0.00 2,130.37
11. Φ(s:T)p(m) 5 2,139.99 124.19 0.00 2,129.90
12. Φ(T)p(t) 6 2,141.45 125.66 0.00 2,129.33




TA B L E  2  Cormack–Jolly–Seber	models	
fitted	to	data	from	1990	to	2015	for	
estimation	of	survival	rate	Φ
F I G U R E  5  Model-averaged	(a)	apparent	survival	Φ	and	(b)	recapture	probabilities	p	with	95%	confidence	intervals	from	the	Cormack–
Jolly–Seber	models	listed	in	Table	2












et	al.	 (2004)	 showed	 that	while	 the	U-CARE	Test2.CT	component	
was	 initially	 developed	 to	 detect	 immediate	 trap	 response	 behav-
ior;	a	significant	test	could	also	be	indicative	of	Markovian	tempo-
rary	emigration.	The	inclusion	of	the	time-varying	trap-dependence	
variable	 (m)	 only	 approximately	 adjusts	 for	 temporary	 emigration	



























dropped	sharply	 in	the	final	years	of	the	study.	 It	 remains	difficult	
to	 judge	to	what	extent	 this	drop	was	a	result	of	 remaining	termi-
nal	bias.	Models	with	a	robust	design	(RD)	can	account	for	random	
temporary	 emigration	 and	mitigate	 some	 of	 the	 concomitant	 bias	
(Kendall	et	al.,	1997;	Peñaloza	et	al.,	2014).	The	RD	requires	individ-
uals	to	be	sampled	at	primary	occasions,	open	to	gains	and	losses,	
and	 closed	 secondary	 occasions.	While	 the	 assumption	of	 closure	
can	be	relaxed	under	specific	conditions,	Kendall	(1999)	found	that	
estimators	 were	 biased	 when	 movement	 was	 nonrandom.	 In	 our	






F I G U R E  7  Time	series	of	model-averaged	(a)	apparent	survival	Φ	and	(b)	recapture	probabilities	p	with	95%	confidence	intervals.	
Cormack–Jolly–Seber	models	(Supporting	Information	Table	A1	+	A2)	were	fitted	separately	to	sighting	histories	of	core	regulars	and	
occasional	visitors





























The	 problems	 encountered	 in	 the	 mark–recapture	 analysis	
are	not	unique	 to	 this	 study.	We	 therefore	caution	 researchers	 to	
consider	 possible	 effects	 of	 capture	 heterogeneity,	 introduced	 by	
divergent	 site	 fidelity	 patterns	 in	 their	 study	 population,	 and	 the	
Model npar QAICC ΔQAICC Weight QDeviance
1.Φ(trans+T)p(t)pent(T)N(⋅) 13 908.06 0.00 0.51 881.43
2.Φ(trans+T)p(t)pent(⋅)N(⋅) 12 910.52 2.47 0.15 885.99
3.Φ(trans)p(t)pent(T)N(⋅) 12 910.94 2.88 0.12 886.41
4.Φ(trans:T)p(t)pent(T)N(⋅) 12 911.44 3.38 0.09 886.91
5.Φ(trans+T)p(t)pent(t)N(⋅) 17 912.75 4.69 0.05 877.70
6.Φ(trans:T)p(t)pent(⋅)N(⋅) 11 913.65 5.60 0.03 891.20
7.Φ(trans)p(t)pent(⋅)N(⋅) 11 913.89 5.83 0.03 891.44
8.Φ(trans:T)p(t)pent(t)N(⋅) 16 915.95 7.89 0.01 883.01
9.Φ(trans)p(t)pent(t)N(⋅) 16 915.95 7.89 0.01 883.01
10.Φ(⋅)p(t)pent(T)N(.) 11 920.22 12.16 0.00 −550.11
11.Φ(T)p(t)pent(T)N(⋅) 12 921.60 13.54 0.00 −550.81
12.Φ(⋅)p(t)pent(⋅)N(⋅) 10 923.06 15.00 0.00 −545.20
Note.	Models	are	ordered	based	on	the	Quasi-likelihood	AICC	(QAICC).	pent:	probability	of	recruit-
ment;	 trans:	 transient	 effect.	 See	 Table	 2	 for	 other	 abbreviations.	 Full	 model	 list	 in	 Supporting	
Information	Table	A4.
TA B L E  3  Selection	of	POPAN	models	
fitted	to	data	from	2010	to	2016	for	
estimation	of	super-population	size	N
F I G U R E  8  Model-averaged	probabilities	of	apparent	survival	Φ	(yellow),	capture	p	(blue),	and	recruitment	pent	(red)	with	95%	confidence	
intervals	for	the	POPAN	models	from	2010	to	2016	(Table	3)
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An	 alternative	 explanation	 is	 that	 the	 observed	 changes	 could	
be	caused	by	varying	environmental	conditions	affecting	prey	avail-
ability.	 Individuals	may	have	permanently	 emigrated	 from	 the	 JCP	
in	favor	of	a	different	feeding	ground.	A	gradual	shift	in	distribution	
could	explain	lower	recruitment	and	a	decrease	in	the	super-popu-
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